| INTRODUC TI ON
The provision of supplemental food to threatened species is a widely used method intended to manipulate elements of population dynamics, usually with the intention of aiding population recovery. The benefits of this practice are well documented and it has been implicated in the success of high-profile avian conservation programmes including that of the kakapo (Strigops habroptilus) (Clout & Craig, 1995) and California condor (Gymnogyps californianus) (Walters et al., 2010) . Supplemental feeding is, however, often implemented as a default management action under the assumption that it will benefit population recovery, but the precise costs and benefits have rarely been evaluated (Ewen, Walker, Canessa, & Groombridge, 2015) . For example, the provision of supplemental food (hereafter "SF") has been associated with negative consequences such as increased dependence upon it, genetic adaptation, poor nutrition, disease transmission, and a tendency for maintaining less productive individuals (Boutin, 1990; Blanco, Lemus, & García-Montijano, 2011; Crates et al., 2016) . Furthermore, providing food ad libitum to a growing population places a high demand on finite resources leading to questions over long-term sustainability (Chauvenet et al., 2012) and provisioning is often not targeted towards those individuals in a population that are most likely to benefit from it (Ewen et al., 2015) .
Providing food at communal feeders is therefore often accompanied by the simplistic assumptions that the access to, consumption, and resulting benefits of it are equally shared among individuals. Newey, Allison, Thirgood, Smith, and Graham (2009), however, discovered that only 50% of a target population of mountain hares (Lepus timidus) used SF and that substantial variation occurred among individuals in the number of visits to, and time spent at feeders. More recently, Crates et al. (2016) estimated individual consumption of SF in great tits (Parus major) and blue tits (Cyanistes caeruleus) revealing that younger individuals consumed more SF than adults. To fully understand how SF affects populations, it is therefore essential to characterise individual use and understand how that variation predicts reproductive fitness (Robb, McDonald, Chamberlain, & Bearhop, 2008) .
Where local population densities increase as a result of SF use, viral transmission also becomes an important component of fitness as natural host-pathogen dynamics become altered, and the risks of density-dependent and frequency-dependent pathogen transmission increase (Adelman, Moyers, Farine, & Hawley, 2015) .
For example, in a recent review of supplemental feeding studies, Murray, Becker, Hall, and Hernandez (2016) noted that in 95% of 115 cases, pathogen transmission risk increased due to elevated contact rates, 77% of the studies promoted pathogen accumulation around feeders, and in 80% of cases SF was considered an immunosuppressive contaminant. However, Wilcoxen et al. (2015) demonstrated that while prevalence of disease may be higher at feeders, many individuals using them revealed a greater propensity to tolerate infection due to increased immunocompetence as a result of high-quality SF. In order to achieve the long-term objective of species recovery, it is therefore important to consider the implications of supplemental feeding on individual health and population viability.
Quantifying individual consumption of SF in free-living populations presents a considerable challenge for biologists. Where multiple feeding stations are employed, direct observations of individual birds are labour-intensive and rely on the extrapolation of results over unobserved time and space (Robb et al., 2011) . Furthermore, observations are often made from distance at feeding stations where individuals congregate and need to be identified simultaneously from individual tags such as leg rings. Alternatively, the evaluation of blood and tissue samples using stable isotope analysis (SIA) can provide detailed, individual-level dietary information (Hobson & Clark, 1992; Parnell et al., 2013) but requires the a priori identification of potential dietary sources and relies on the existence of sufficient variation between those sources and the resulting post-assimilation ratios in body tissues (Hobson & Clark, 1992; . Used with care, SIA can effectively partition and quantify dietary sources thus providing valuable insight on individual-level patterns of SF use and the immediate and long-term population-level implications.
The Mauritius "echo" parakeet (Psittacula echo) is an intensively studied, island-endemic species and the subject of a successful, long-term conservation recovery programme (Jones & Merton, 2012; Raisin et al., 2012; Tollington et al., 2015) . Supplemental food is offered ad libitum and year round to this population and while evidence demonstrates that it increases fledging success , little is known regarding levels of individual consump- This knowledge can be incorporated into adaptive management strategies that aim to fulfil specific objectives associated with species recovery and long-term viability as long as the relative importance of each objective is be considered.
K E Y W O R D S
BFDV, diet, parrot, population recovery, qPCR, reproductive fitness, stable isotope analysis, supplemental feeding this population characterised by a marked decline in hatch success that was short-lived and only apparent among breeding pairs that used SF (Tollington et al., 2015 More precisely, we address the following hypotheses:
1. The variation in SF consumption between breeding pairs will be explained by nest-site and life-history variables.
2.
The number of fledglings produced per nesting attempt will be positively predicted by the proportion of SF consumption derived from SIA of feather samples.
3.
Nestling viral load will be positively associated with parental SF use and negatively associated with nest-site distance from feeding stations.
| MATERIAL S AND ME THODS

| Stable isotope analysis
Vegetation (leaf) samples from 37 plant and tree species, including all of those known to be important food species for the Mauritius parakeet (Jones, Tollington, Raisin, Zuel, & Tatayah, 2013) 
| Quantification of viral load
To quantify individual BFDV infection intensity, we designed a TaqMan probe-based, qPCR assay (cf. Eastwood et al., 2015) . We used a published sequence of the replicase gene (HQ641502.1, Kundu et al., 2012) , derived from this host population, and the software Beacon Designer to design primers and a fluorescent probe that amplified a 120 bp fragment of the viral genome (full details can be found in the Supporting Information Appendix S1). Genomic host (and thus viral) DNA was extracted from whole blood samples taken from nestlings using an ammonium acetate precipitation method (Nicholls, Double, Rowell, & Magrath, 2000) and qPCR to determine individual viral load was performed according to details in the Supporting Information Appendix S1.
| Measures of reproductive fitness and nest-site variables
Individual life-history and nest-site data were collected as part of Nest-site and individual life-history variables included in the dataset were: a unique identifier for each nest-site, the estimated lay date of the first egg (number of days after 1 September, determined by accessing each nest to candle eggs and confirm hatch success and age of chicks), the hatch order of each chick in each brood, the age and studbook identification of each female parent, and the Euclidian distance of each nest-site to the nearest SF station (km).
Given the lack of anthropogenic obstacles and small distances involved in our study, we assume that individuals do not deviate from a Euclidian path to feeders.
| Statistical procedure
| Stable isotope analyses
All statistical procedures were performed using r version 3.4.3 (R Development Core Team, 2017). Initially, we used simple MANOVAs to investigate the isotopic variation between the two dietary sources by pooling values derived from SF and vegetation in order to verify that they were isotopically distinct.
Raw isotopic ratios from all feather samples were then similarly analysed to confirm variation between captive and wild individuals. We used a Bayesian approach to source partitioning within a two-source stable isotope mixing model (SIMM) implemented in the r package SIAR (Parnell, Inger, Bearhop, & Jackson, 2008) to estimate the relative proportional contribution of different food sources to feather samples (see Supporting Information
Appendix S1 for details).
| Brood-level variation in dietary composition and viral load
We used intraclass correlation tests on dietary proportions and viral load values to establish the within-and among-brood variation in order to satisfy the assumption that siblings would reveal similar values. Nestlings were fed exclusively by their parents and therefore isotopic signatures from their feathers can be used to directly infer the combined parental diet. If intraclass correlations reveal higher within-brood than among-brood variation then this inference would not be possible. Values of individual viral load determined by qPCR were log-transformed to improve residual normality and also subjected to intraclass correlation tests to determine the within-and between-brood variation. Since one of our hypotheses predicts that nestling infection load will be associated with parental SF use, we expect both of these variables to correlate highly among siblings.
| Predictors of SF consumption, reproductive success, and viral load
In order to address our first hypothesis, predictors of proportional SF consumption were analysed at the brood-level by using "Nest-site ID" as a random effect in a GLMM (Generalised Linear Mixed Model) to account for the pseudoreplication of siblings. The response variable was individual dietary proportion attributable to SF derived by SIMM and was arc-sin square-root transformed (Crawley, 2012) . The main explanatory predictors included were:
female age (incorporating the quadratic term (Møller, 2006) ) and distance from nest-site to nearest feeding station. We also included as fixed covariates, the estimated lay date of the first egg in order to reveal any relationships between supplemental feeding and breeding phenology (Arcese & Smith, 1988) , and subpopulation (north or south) based on previous research that supports the existence of spatially independent subpopulations (Raisin et al., 2012; Tollington et al., 2013) .
We used the number of birds fledged per breeding attempt as our measure of reproductive success in a simple GLM (McDonald & White, 2010) to determine the exact reproductive benefit of SF and to examine any differential effects associated with our other fixed covariates. Our main predictor variable therefore, was proportional dietary contribution of SF, averaged across nest-mates and included as a first-order interaction term with our other predictors: female age, distance to feeding station, lay date, and subpopulation. We also included a brood-level value of viral load by taking the mean value of siblings.
GLMMs were used to investigate the predictors of nestling viral load using "Nest-site ID" as a random effect. We used our previously described value of individual viral load as the response variable. The proportional consumption of SF derived from SIA, distance from each nest-site to the nearest feeding station, and subpopulation were included as our main explanatory variables. We also included the following fixed covariates to account for demonstrable predictors of immunocompetence and disease susceptibility in birds: female age (Møller, 2006) , estimated lay date of first egg (Hasselquist, Wasson, & Winkler, 2001) , and hatch order (Saino, Incagli, Martinelli, Ambrosini, & Møller, 2001 ).
Prior to analyses we performed extensive data exploration and derived variance inflation factors (VIFs) following the protocols of Zuur, Ieno, Walker, Saveliev, and Smith (2009) . We standardised our predictors to avoid any biases associated with multicollinearity according to Cade (2015) , and then used an information-theoretic approach to model selection (Burnham & Anderson, 2002; Whittingham, Stephens, Bradbury, & Freckleton, 2006) to examine the fit of each candidate model.
The r packages lme4 (Bates, Maechler, & Dai, 2010) and muMIn (Bartoń, 2016) were used to perform GLMMs and model averaging respectively. Candidate models were evaluated using AIC c and final model sets were restricted to ΔAIC c < 7 before model averaging (Bolker et al., 2009; Burnham, Anderson, & Huyvaert, 2011) . Furthermore, goodness-of-fit was assessed by calculating marginal R 2 values for each of our candidate models (Johnson, 2014 (Figure 1 and Table 1 ).
The SIMM revealed that the relative dietary contribution of SF in feathers collected from captive individuals ranged from 76% to 91% and from 29% to 91% among wild-collected samples. As expected, the mean individual dietary contribution of supplemental pellets from the captive population was significantly higher than that among samples collected from the wild (captive mean = 82% ± 5, wild mean = 67% ± 15; Welch's T = 9.08, df = 72.6, p < 0.001). Tests for multicollinearity between our model predictors revealed no correlation greater than 0.7; VIFs were <3 for all of our variables indicating no reason to remove any of our covariates (Zuur et al., 2009 ).
| Brood-level variation in dietary
Hypothesis 1: The variation in SF consumption between breeding pairs will be explained by nest-site and life-history variables. Table S1 ). Model-averaged coefficients confirmed that nest-site distance to feeding station was a strong predictor of individual SF consumption (t-statistic = 6.22) demonstrating that nestlings' dietary contribution of SF increased with proximity to the nearest feeding station (Figure 2 ; Table 2 ).
There was a small but noteworthy difference in SF consumption between the two subpopulations and the R 2 for the model containing both of these covariates was 0.40 (Supporting Information   Table S1 and Table 2 ). No other variables appeared in our model selection table (Supporting Information Table S1 ).
Hypothesis 2: The number of fledglings produced per nesting attempt will be positively predicted by the Table S3 ). Model averaging demonstrated a lack of clear predictors of individual viral infection intensity; model-averaged coefficients were small, all had confidence intervals that included zero and the model-averaged t-statistics for all covariates were <1.4 (Table 4) .
Of all the predictors, subpopulation and lay date were the strongest, indicating that viral load tended to be higher in the northern population and higher among broods produced earlier in the breeding season.
| D ISCUSS I ON
| Supplemental feeding increases productivity
Female age and relative proportional consumption of SF per breeding pair were both strong, positive predictors of the number of fledglings produced per breeding attempt. Importantly, however, we found no relationship between SF consumption and female age suggesting that older females were able to maintain increased reproductive fitness over younger females without the need to increase their consumption of SF. Age-dependent effects on reproductive success in birds have been well-studied and have largely been associated with increased experience of older individuals in securing sufficient high-quality nest sites, mates, and food (Newton, 1989; Oro, Hernández, Jover, & Genovart, 2014) . Presumably, this result reflects an element of greater experience among older females in brood provisioning, regardless of food availability.
This general result, however, concealed a subtle but nonetheless significant pattern in SF use that revealed a disproportionate benefit to some individuals. The reproductive uplift provided by SF consumption was more pronounced with increasing female age; females of all ages demonstrated increased productivity with increased SF consumption but older females revealed the greatest benefit. This result perhaps suggests that food availability is less of a limiting factor for reproductive fitness among younger females than it is among older females. Providing SF to this population has clearly increased reproductive output, contributing to the recovery of this species and the ultimate objective of population growth. The implications of this strategy on long-term population viability are, however, less clear. For example, some evidence suggests that offspring of older parents reveal reduced survival and recruitment (Torres, Drummond, & Velando, 2011) , while others have shown that enlarged broods can lead to reduced individual survival (Naguib, Riebel, Marzal, & Gil, 2004) , increased levels of stress (Salleh Hudin et al., 2017) , and that SF may in fact increase reproductive success without resulting in viable populations recovery (Peach, Mallord, Ockendon, Orsman, & Haines, 2015) . Our results are limited to data from a single breeding season and therefore an ongoing assessment of juvenile quality and long-term survival is required in this system in order to evaluate the implications of individual supplemental feeding on population-level fitness.
| Nest-site distance to feeding stations predicts SF consumption
Relative dietary proportion of SF increased with proximity of nestsite to feeding stations; birds that nested closer to the feeding stations consumed more SF than those nesting further away. No other variables explained considerable variation in SF consumption and we found no indicators of distance associated with female age, or that food provisioning advances egg laying dates as in other studies (e.g., Harrison et al., 2010) . Perhaps counterintuitively, in the model to describe reproductive output, nest-site distance to feeders was TA B L E 2 Model-averaged coefficients, standard errors (SE), confidence intervals, and t-statistics (absolute, ratio, and variance) from GLMM to predict relative individual dietary proportion of supplemental food. Predictors are ordered by weighted t-statistics as a measure of relative variable importance, those in bold feature coefficient estimates where confidence intervals do not cross zero not a strong predictor (Table 3) . We were initially concerned that we had introduced an element of collinearity in this model by including both the distance and proportion SF variables. However, we were reassured by our extensive efforts that the level of collinearity between these two variables was low enough to avoid misinterpretation in our model. To provide further reassurance we repeated the model, omitted proportion SF, and distance remained unimportant (Supporting Information Table S4 ). This highlights unavoidable complexity in such studies: SF consumption positively predicted reproductive output; distance to feeders strongly predicted SF consumption but pairs nesting closer to feeders did not produce more fledglings. This initially confusing result suggests that, even though distance to feeders was identified as the strongest predictor of SF consumption in our study, there are likely to be numerous other, unmeasured and unknown factors that contribute to levels of supplemental feeding and reproductive output including pairs' home ranges, habitat quality, seasonal variation, and competition at feeding stations. Furthermore, our measure of relative SF consumption was derived from feather samples of nestlings and therefore describes the combined parental diet. It is therefore possible that within a breeding pair, there exists variation in feeding strategy (and chick provisioning) between the male and female that we were unable to explain in this study.
| Parental consumption of SF does not predict viral load among nestlings
Beak and feather disease virus infection intensity among nestlings was not associated with parental consumption of SF nor was it strongly related to any of our nest-site or life-history variables. Our results suggested that viral load may be weakly associated with subpopulation and lay date, relationships that may strengthen if a larger, multi-season dataset is considered.
Our approach to characterising consumption cannot precisely predict frequency of visitation to feeders or contact rates with other individuals, but one can reasonably expect individuals that consume high levels of SF to also spend more time at the feeders; especially since those that do so also occupy nest-sites that are closer to the feeders. Ideally, a range of methods should be employed in supple 
| CON CLUS ION
In our study, the success of breeding pairs in terms of numbers of fledged offspring was predicted by their relative proportional consumption of supplemental food. Supplemental feeding was introduced to counter low productivity of parakeets as a result of diminished natural resources (Jones & Merton, 2012) and has fulfilled its main objective having played a significant role in preventing the extinction of this species (Butchart, Stattersfield, & Collar, 2006) .
However, when food provisioning was initially introduced in this system, there was little consideration of any indirect effects and therefore feeders were placed close to release aviaries for monitoring purposes. Our approach to quantifying variation in SF consumption among individuals has revealed that individual parakeets do not use this resource equally and do not derive equal benefit from it. Our study, therefore, supports a growing recognition that the provisioning of food requires a more detailed evaluation of benefits and consequences in order that it can be applied in a more strategic manner (Ewen et al., 2015) . These evaluations are difficult to implement in free-living populations owing to a variety of logistical constraints but our study has provided evidence to inform them. Reducing the overall volume of SF provided would reduce the demand on finite resources, while targeting supplementary feeding towards a specific portion of the population might be an appropriate management consideration if the long-term objective is to maintain population viability without the use of SF. Ultimately, any manipulation in food provisioning is associated with important trade-offs and a reduction in food provisioning will likely lead to a reduction in fecundity. It is therefore vital that the relative importance of the different objectives is considered and the conservation implications of each evaluated accordingly.
Our single-season analysis provides a snapshot of the factors that predict levels of SF use and the implications on productivity and viral infection in this population. It is therefore difficult to reach conclusions on long-term impacts of supplemental feeding in our system given these patterns because a much more comprehensive approach is needed that incorporates multiple seasons and an assessment of habitat quality. Nonetheless we have shown here that our methods, if incorporated into a multi-season study, could make valuable contributions to informing long-term strategies for recovering populations where SF is provided. By analysing stable isotopes of feathers, we characterised the relative proportional consumption of SF by Mauritius parakeets to a level of detail previously unobtainable. This analysis has enabled us to reveal subtle patterns in the parental use of this resource, identify the potential impacts of providing SF, and to offer recommendations for future research.
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